Clinical proteomic research is directed toward the identification of biomarkers that can aid in diagnosing disease, estimating prognosis, and monitoring treatment (1, 2 ) . Large numbers of candidate biomarkers are typically identified in the discovery phase of a proteomic screen, and many candidate biomarkers have been reported in the literature (3 ) . These candidates must be further evaluated to identify those markers that have a statistically significant association with disease (4, 5 ) . In the biomarker verification/validation phase, the concentrations of candidate proteins must be measured across clinical cohorts (6, 7 ) .
The concentrations of circulating proteins in plasma or serum can be measured with ELISAs (8 ) .
Although ELISAs provide precise and accurate results, they measure only a single antigen. Recent advances in mass spectroscopy-based protein identification have generated an avalanche of candidate biomarkers, thereby creating a market for high-throughput multiplex immunoassays that allow simultaneous quantification of many analytes. Two basic assay formats have been developed to facilitate simultaneous quantification of multiple antigens: planar array assays and microbead assays. In the first format, different capture antibodies are spotted at defined positions on a 2-dimensional array. In the second, the capture antibodies are conjugated to different populations of microbeads, which can be distinguished by their fluorescence intensity in a flow cytometer. In this study, we evaluated the performance of 3 planar array assays [MULTI-ARRAY (Meso Scale Discovery), A 2 (Beckman Coulter), and FAST Quant (Whatman Schleicher & Schuell BioScience)] and 2 microbead assays [Bio-Plex (Bio-Rad Laboratories) and FlowCytomix (Bender MedSystems)]. For details about the various platform characteristics, see the Data Supplement that accompanies the online version of this Brief Communication at http://www.clinchem.org/content/vol56/issue2.
The accuracy of quantification for multiplexed immunoassays depends, as with all ELISAs, on the quality of the calibration curves, which is determined by the following: appropriate curve-fitting procedures, assay imprecision (CV), recoveries, and assay linearity (the limits of quantification). The performance characteristics of all the platforms were evaluated with respect to these parameters. For each assay system, duplicate or triplicate wells of supplier-provided calibrators were serially diluted as recommended by the manufacturer to produce calibration curves. We were unable to investigate cross-reactivity between analytes because the manufacturers provided the calibrators as premixed solutions containing all of the analytes.
It is important to note that none of the cytokine assays on the 5 platforms have been cleared by the US Food and Drug Administration for clinical testing. They are to be used only in research applications.
The FlowCytomix assay was not further evaluated as a platform for clinical validation, owing to substantial losses of beads that might adversely affect performance. In this assay, multiplexing is achieved by coupling the detector antibodies to internally fluorescent beads of 2 different sizes (4.4 m and 5.5 m); however, we experienced substantial losses of the small beads when we assayed human serum samples. The loss of the small beads may have been due to the viscosity of the serum because, in contrast to the other kits, the manufacturer of the FlowCytomix kit did not supply a diluent specifically formulated for serum.
Most of the currently available multiplex immunoassays have been designed to quantify the concentrations of various cytokines, because cytokine concentrations can provide information about numerous diseases and inflammatory conditions (9, 10 ) . Therefore, performance was analyzed for the remaining platforms, and the results were compared with data obtained for serial dilutions of 5 common cytokines [ Because cytokines are present at low concentrations in nonpathologic sera, curve fitting has a direct effect on the accuracy of the results. Although each assay system includes software for curve fitting by nonlinear regression, differences among the algorithms and parameters embedded in these proprietary software programs made it impossible to compare the 4 different systems directly with regard to the quality of the results. To standardize the analytical process, we reanalyzed the data with Prism software (GraphPad Software). We used a 4-parameter algorithm and a 1/y 2 weighting function to fit each data set to a sigmoidal dose-response curve with a variable slope.
To assess the quality of the fit at each concentration, we determined and compared actual and expected values to calculate percentage recovery ( Fig. 1C;  Fig. 1C in the online Data Supplement). Percentage recovery is an important measure for evaluating the accuracy of quantitative data from the lower limit of detection across the entire dynamic range of an assay ( Fig. 1C; Fig. 1C in the online Data Supplement). We defined an upper limit of quantification (ULOQ) as the value below which the percentage recovery was 80%-120% and the CV was Ͻ25%. The lower limit of quantification (LLOQ) was defined as an analyte concentration that has (a) a response at least 3 times that of a blank sample, (b) a percentage recovery of 80%-120%, and (c) a CV Ͻ25%. We then calculated ULOQ and LLOQ values for the 5 cytokines on each assay platform (Table 1) . Overall, the MULTI-ARRAY platform from Meso Scale Discovery had the largest quantifiable concentration interval (2.4 -2500 ng/L).
Our assessments identified deficiencies in the A 2 and FAST Quant platforms that may limit their overall suitability. The LLOQ was relatively poor on the A 2 platform; similarly, the FAST Quant assay was not as sensitive as the other assays ( Table 1 ). The FAST Quant software uses a point-to-point curve-fitting method and does not provide data on the back-fitting of a calibration curve (percentage recovery), making it difficult to evaluate the accuracy of the data. The MULTI-ARRAY and Bio-Plex platforms demonstrated the best performance for quantifying purified cytokines. Although both systems were highly sensitive, the MULTI-ARRAY had a wider dynamic range because it had a higher ULOQ. On the other hand, the Bio-Plex system was able to quantify more analytes. We tested the ability of the MULTI-ARRAY and Bio-Plex systems to measure a common set of 9 cytokines in the complex milieu of human serum. Human serum samples from 12 healthy male individuals between 20 and 60 years of age were purchased from Bioreclamation. As expected, the concentrations of most cytokines in these healthy controls were very low, with many of the readings below the LLOQ (see Table 1 in the online Data Supplement). For samples of unspiked serum, the MULTI-ARRAY platform had better performance for 6 cytokines (IL-2, IL-10, IL-12p70, granulocyte-macrophage colony-stimulating factor, interferon ␥, and tumor necrosis factor-␣), and the Bio-Plex system had a better performance for 1 cytokine (IL-8). The 2 platforms performed similarly for IL-6. IL-1␤ could not be quantified with either platform. The inter-and intraplate CVs for duplicate assays were low for both platforms (mean interplate CVs of 8% and 10% for the MULTI-ARRAY and Bio-Plex platforms, respectively; mean intraplate CVs of 6% and 9% for the MULTI-ARRAY and Bio-Plex platforms, respectively).
To investigate the accuracy of cytokine quantification in human serum, we measured cytokine concentrations in serum samples supplemented with pure cytokines (see Fig. 2 in the online Data Supplement).
Because we added each cytokine to a concentration of 50 ng/L, the difference between the measured cytokine concentrations in the supplemented and unspiked samples should have been 50 ng/L. On the MULTI-ARRAY platform, the differences varied from 53 ng/L to 70 ng/L. The Bio-Plex platform had larger differences (15-78 ng/L). One limitation of this study is that we did not evaluate potential effects related to pathophysiological changes in serum composition or the molecular form of the analytes. Thus, this study presents the best possible performance of the assays, and performance with real-world samples could be substantially worse.
The performance of multiplex assay platforms is analyte, sample type (matrix), and concentration dependent. Optimal assay performance depends on proprietary information about the antibody pair, the composition of diluents, and the software. Therefore, no single assay platform is suitable for all analytes. The MULTI-ARRAY and the Luminex-based Bio-Plex assays performed best overall, but their performance characteristics were not uniform (see Table 1 in the online Data Supplement). The 2 platforms performed similarly in detecting high concentrations (50 ng/L) of spiked cytokines (see Fig. 2 in the online Data Supplement). Although the MULTI-ARRAY platform was superior for quantifying cytokines in unspiked serum, it was severely limited by the small number of analytes that can be assayed with commercially available kits, With the manufacturer's recommended serial dilution of calibrators (see manufacturer's recommended standard dilution factor). c The quantifiable interval of each analyte is defined as the concentration interval in which the CV is Ͻ25% and the percentage recovery is Ͻ100% Ϯ 20% with the standard calibrators. d The signal interval of each analyte is defined as the signal output between upper and lower quantification limits with a CV Ͻ25% and a percentage recovery Ͻ100% Ϯ 20% with the standard calibrators. e The mean CV within the quantifiable interval is calculated with a CV of Ͻ25% and a percentage recovery Ͻ100% Ϯ 20% with the standard calibrators. f Serial dilution factors are expressed as the fraction of the concentration before dilution. which are provided exclusively by Meso Scale Discovery. In contrast, assays for a large selection of analytes are available from a network of Luminex partners. Luminex assays also have the potential to multiplex up to 100 analytes, whereas MULTI-ARRAY assays are limited to 10-plex.
In summary, the simultaneous analysis of multiple antigens makes it possible to identify combinations of biomarkers that have greater disease specificity and sensitivity than results obtained from the analysis of any single marker (11) (12) (13) (14) (15) . We compared 5 commercial multiplex immunoassay platforms (representing both planar array and microbead assays) and found the MULTI-ARRAY and Bio-Plex systems to be the most suitable for biomarker verification and validation; however, the performance of even these systems was analyte dependent. Our results highlight the importance of an assay's dynamic range, linearity, CV, and percentage recovery in obtaining accurate and reproducible assay results.
